Introduction {#j_jvetres-2017-0010_s_001}
============

Testosterone (T) is the primary male sex hormone, major androgen secreted by the testes of adult males. Androgens and oestrogens have a great impact on the functioning of the body of animals and humans. Natural sex hormones such as testosterone affect mainly the reproductive system, but they also act on metabolism and regulate and coordinate the activity of many organs and tissues of the body. In addition to the development of secondary sexual characteristics, testosterone has an anabolic effect, including increase in muscle size and strength and increase in lean body mass. These properties make it an attractive candidate for both athletes and breeders of slaughter animals to enhance performance. Therefore, testosterone or testosterone esters, alone or in combination with other hormonally active substances, have been widely used for many years in animal husbandry for the purpose of growth promotion ([@j_jvetres-2017-0010_ref_0020]). Testosterone is a component of such implants as Synovex-H and Component E-H available in the USA and Canada -- countries that allow the use of hormones to improve the growth rate of slaughter animals and feed efficiency. In the European Union the use of steroid growth promoters is prohibited under Council Directive 96/22/EC, due to the possibility of harmful effects on public health ([@j_jvetres-2017-0010_ref_006]). Control of the presence of these forbidden substances in food of animal origin and feed is regulated in the European Union under Directive 96/23/EC ([@j_jvetres-2017-0010_ref_007]). Due to the high variability of natural testosterone concentration in the urine of cattle under physiological conditions, acceptable natural ranges of the hormone have not been established. A study by Angeletti *et al*. ([@j_jvetres-2017-0010_ref_001]) demonstrated that the ratio between 17β-testosterone and 17α-testosterone in urine cannot be used in bovine animals as an indicator for abuse as it is in human and horse. In 1992 Heitzman ([@j_jvetres-2017-0010_ref_0013]) proposed maximum levels of testosterone in bovine plasma depending on sex and age, and these values remained officially recommended until now. The threshold value of 0.5 μg L^−1^ for cows aged less than 18 months, 10 μg L^−1^ for male cattle below the age of 6 months, and 30 μg L^−1^ for male cattle aged between 6 and 18 months, respectively, has been adopted. Thus, serum or plasma is the matrix of choice for the study of testosterone abuse. For effective control of illegal use of natural steroids, very sensitive analytical methods are required, because sex hormones may be present in very low concentrations in relatively small and complex biological samples.

For many years immunological methods based on the reaction of antigen--antibody, such as ELISA or RIA, have been widely used to determine the natural steroids in both human and veterinary medicine for screening purposes ([@j_jvetres-2017-0010_ref_0019], [@j_jvetres-2017-0010_ref_0022]). An important advantage of these methods is their sensitivity allowing detection of the hormone to picogram levels. In addition, these methods are very fast and efficient, and do not require expensive equipment. However, they may give false results, due to cross-reactivity with interfering compounds structurally similar to the analyte. Currently, chromatographic techniques with mass spectrometric detection play a major role in the analysis of the natural sex hormones in human and veterinary medicine, as well as in doping control, owing to their high selectivity and sensitivity. Therefore, many methods for the determination of testosterone based on different procedures using mass spectrometry have been published. In the method proposed by Savolainen *et al*. ([@j_jvetres-2017-0010_ref_0023]) testosterone was purified by the on-line SPE-column-switching technique after rapid precipitation of serum samples by zinc sulphate before LC-MS/MS analysis. A stable-isotope dilution LC-MS/MS method using atmospheric pressure photoionisation was established by Harwood and Handelsman ([@j_jvetres-2017-0010_ref_0012]) to quantify testosterone and other androgens and oestrogens. Sample preparation involved liquid--liquid extraction (LLE) with hexane: ethyl acetate containing deuterated internal standards. In human medicine on-line extraction and multiplexing before mass chromatography detection are used for testosterone level determination, to increase the sample throughput ([@j_jvetres-2017-0010_ref_0024]). Salameh *et al*. ([@j_jvetres-2017-0010_ref_0021]) developed a highly specific online mass spectrometry method in which sera were extracted online using high-turbulence flow liquid chromatography coupled to analytical HPLC and atmospheric pressure chemical ionisation tandem mass spectrometry (HTLC--APCI-MS/MS). The automated process of extraction, separation, and detection requires special equipment and large number of samples; therefore, these kinds of solutions cannot be used everywhere. Detection of endogenous steroids administration is still a challenge because classic mass spectrometric techniques are unable to distinguish between endogenous, exogenous, or synthetic forms of natural steroid hormones. At present, gas chromatography coupled to combustion/isotope ratio mass spectrometry (GC/C/IRMS) has emerged as a promising technique for demonstrating an abuse of exogenous homologues of natural steroid hormones in humans and cattle ([@j_jvetres-2017-0010_ref_004], [@j_jvetres-2017-0010_ref_0016]). Currently the number of laboratories applying the GC/C/IRMS for routine analysis of bovine urine is very limited due to expensive equipment and difficulties associated with the analysis by this technique. Taking into account the threshold value for testosterone in bovine serum, the LC--MS/MS have sufficient sensitivity and accuracy to control the abuse, but not always are sensitive enough to measure the level of testosterone in the samples from the young animals, especially females. Therefore, new more sensitive methods based on mass spectrometry are needed.

The aim of the present study was to develop a confirmatory method for the quantitative detection and identification of testosterone in bovine serum at ppt levels. Because in recent years new opportunities associated with the preparation of biological samples have become available, this research focused on the preparation of serum samples before chromatographic analysis.

Material and Methods {#j_jvetres-2017-0010_s_002}
====================

Reagents and chemicals {#j_jvetres-2017-0010_s_002_s_001}
----------------------

All chemicals and reagents were of high grade purity. Petroleum ether, 30--60ºC ultra resi-analysed for organic residue analysis, tert-butyl methyl (99.0% purity), methanol (99.8 % purity), acetone (99.8 % purity) resin grade, methanol (99.8 % purity) HPLC-MS grade, and acetonitrile (99.9 % purity) HPLC-MS grade were obtained from Mall Baker (the Netherlands). Formic acid reagent (≥95% purity) was obtained from Sigma-Aldrich (Germany). Purified water was prepared using a Milli-Q-water-purification system (Millipore, USA). Agilent Bond Elut QuEChERS extraction kits containing sorbents in the form of magnesium sulphate (6 g, 98.5%--101.5% purity) and sodium acetate (1.5 g, 99.8% purity) were purchased from Agilent Technologies (Germany). Solid-phase extraction (SPE) columns Bakerbond C18 500 mg/3 mL were provided by Mall Baker (the Netherlands). HybridSPE Phospholipid columns were purchased from Supelco (USA).

Standards of 17β-testosterone (98% purity) and 17β-testosterone-d2 (95% purity) were obtained from RIKILT (Institute of Food Safety, the Netherlands). The standards were stored in accordance with certificate recommendations. Individual hormone stock solutions of 10 µg mL^−1^ were prepared in methanol. A series of working solutions with concentrations of 1, 0.1, and 0.01 µg mL^−1^ were prepared by appropriate dilution of standard stock solutions with methanol. Stock standard solutions were kept in a freezer at temperature below --18ºC; working standard solutions were stored at 4ºC ± 2ºC and were stable for at least four weeks.

LC-MS/MS measurement {#j_jvetres-2017-0010_s_002_s_002}
--------------------

Analyses were carried out on Linear Ion Trap Quadrupole QTRAP 5500 mass spectrometer (Applied Biosystems/MDS SCIEX, Canada) fitted with Electrospray ionisation (ESI) Turbo Spray source operating in positive mode and controlled by analyst software (version 1.6).

The mass spectrometric conditions were optimised for maximum signal for 17β-testosterone and 17β-testosterone-d2 using the tune feature of the instrument software. The optimal conditions of the instrument for testosterone were as follows: gas source temperature -- 500ºC; ion spray voltage -- 5300 V; entrance potential -- 10 V; exit potential -- 10 eV; curtain gas (nitrogen) -- 20 psi; GS1 (air) -- 20 psi; GS2 (air) -- 25 psi; nebulizer gas (nitrogen) at medium position. Data were acquired in the mode of multiple reactions monitoring (MRM). The detailed conditions for MS detection of testosterone are shown in [Table 1](#j_jvetres-2017-0010_tab_001){ref-type="table"}. The chromatographic separation was performed using 1200 HPLC binary pump system (Agilent Technologies, Germany) on an Inertsil ODS-3 (150 × 2.1mm, 3 µm) (GL Sciences, Japan) with an octadecyl guard cartridge (4 mm × 2 mm) (Phenomenex, USA). The column was maintained at a constant temperature of 35ºC. The mobile phase consisting of acetonitrile/methanol/water mixture (20:55:25, v/v) was pumped in isocratic mode with a total flow rate of 300 μL min^−1^. The sample injection volume was 20 μL.

###### 

LC-MS/MS ion acquisition parameters (MRM) mode used for identification and confirmation of testosterone

  Compound           MRM transition (m/z)                                           Collision energy (eV)   Declustering potential (V)   Ion ratio average ± SD   Samples fulfilling confirmation criteria (%)   
  ------------------ -------------------------------------------------------------- ----------------------- ---------------------------- ------------------------ ---------------------------------------------- -----
  Testosterone       289.0\>97.^[a](#j_jvetres-2017-0010_fn_000A){ref-type="fn"}^   29                      110                          0.829 ± 0.023            100                                            100
  289.0\>109.0       29                                                             110                                                                                                                          
  Testosterone--d2   291.0\>99.0                                                    30                      110                          \-                       \-                                             \-
  291.0\>111.0       30                                                             110                                                                                                                          

Transitions in bold were used for quantification

Optimisation of sample pre-treatment {#j_jvetres-2017-0010_s_002_s_003}
------------------------------------

Bovine serum contains natural sex steroids, including testosterone. Therefore, serum for the development and validation of the method was obtained from blood samples collected from one-month-old female calves. The collected serum samples were pooled and stored at --18ºC until analysis. Prior to use, the serum was examined by validated and accredited GC-MS method (30) in order to verify the presence of endogenous testosterone, which was not detected above decision limit of the method. Four sample preparation protocols were compared, each performed in four replicates. Tests were carried out on samples of serum (2 ml) fortified with testosterone and testosterone-d2 (IS) to a concentration of 0.5 µg L^−1^.

SPE extraction {#j_jvetres-2017-0010_s_002_s_004}
--------------

The fortified serum sample was diluted with 5 mL of water and loaded onto a SPE C18 cartridge (300 mg, 5 mL) previously activated with 3 mL of methanol and then further conditioned with 3 mL of water. The column was washed with 3 mL of water and 3 mL of methanol/water mixture (60:40, v/v). Then, 3 mL of methanol/water mixture (80:20, v/v) was used as the elution agent. Finally, the eluate was evaporated under a stream of nitrogen at 60ºC and reconstituted in 150 μL of mobile phase consisting of a mixture of methanol/water (70:30, v/v), then transferred to autosampler vials, and aliquots (20 μL) were analysed by LC - MS/MS.

HybridSPE procedure {#j_jvetres-2017-0010_s_002_s_005}
-------------------

Sample of serum (2 mL) was prepared in accordance with the manufacturer's instructions (Supelco, USA). First, the precipitation step was performed by adding 6 mL of 1% formic acid in acetonitrile to the serum. After shaking stage lasting about 3 min, the precipitated protein was removed by centrifugation at 1600× g for 5 min. The collected supernatant was loaded into the HybridSPE cartridge and vacuum was applied. The eluate was dried under a stream of nitrogen at 60ºC and dissolved in 150 μL of mobile phase consisting of methanol/water mixture (70:30, v/v).

QuEChERS extraction {#j_jvetres-2017-0010_s_002_s_006}
-------------------

Ten mL of acetonitrile measured off was added to a test tube containing 2 mL of serum, and the content was thoroughly mixed. Agilent QuEChERS extraction salts packet containing 6 g of magnesium sulphate and 1.5 g of sodium acetate was added directly to the tube. The mixture was then immediately shaken for 1 min using the vortex to avoid agglomeration of salts. The content of the tube was next centrifuged at 7728 × g for 10 min at 4ºC. The total acetonitrile extract was transferred to another glass tube and dried under a gentle stream of nitrogen at 60ºC (±2ºC). Finally, the residue was dissolved in 150 μL of mobile phase methanol/water (70:30, v/v).

Liquid-liquid extraction (final protocol) {#j_jvetres-2017-0010_s_002_s_007}
-----------------------------------------

Testosterone and IS were separated from the matrix (2 mL) by liquid-liquid extraction with 10 mL of a mixture of tert-butyl methyl ether/petroleum ether (30:70, v/v) by shaking on a vortex for 3 min. After separation phase, the tube was placed in a freezer at \<--18ºC for 1.5--2 h. The organic layer was then decanted into a glass tube and evaporated at 60ºC (±2ºC) under a gentle stream of nitrogen. The residue was dissolved in 150 μL of mobile phase consisting of methanol/water mixture (70:30, v/v), and then transferred to autosampler vials, and aliquots (20 μL) were analysed by LC - MS/MS. In final protocol the mobile phase consisted of acetonitrile/methanol/water mixture (20:55:25, v/v). The efficiency of the methods was evaluated on the basis of extraction recovery expressed as the ratio of the response of sample with analyte to the response of post-extracted spiked sample.

Validation {#j_jvetres-2017-0010_s_002_s_008}
----------

The developed method was submitted to the validation process in accordance with the general requirements of Commission Decision 2002/657/EC ([@j_jvetres-2017-0010_ref_005]). The study was conducted using the ResVal (v 2.0) software (CRL Laboratory, the Netherlands) intended for validation of analytical methods ([@j_jvetres-2017-0010_ref_003]).

Linearity was tested in seven levels of the calibration of the analyte concentrations corresponding to 0 -- 0.05 -- 0.25 -- 0.5 -- 1.25 -- 2.5 and 15 μg L^−1^ in the sample. Linearity was assessed on the basis of four standard calibration curves. To estimate precision (repeatability and within-laboratory reproducibility), recovery, the decision limit (CCα), and the detection capability (CCβ) of the method, three analytical series consisting of 21 samples at five concentration levels were carried out on three separate days. Each series consisted of six replicate test portions, at fortification levels of 0.25, 0.5, and 0.75 μg L^−1^, and in addition, one sample of 1.0 μg L^−1^ and one of 2.5 μg L^−1^.

Based on these experiments, the matrix calibration curves were determined, which were used to calculate CCα and CCβ using ResVal software, according to the approach described in ISO/11843 2000 ([@j_jvetres-2017-0010_ref_0015]). The following equations were used: CCα = ((ya +2.33 STDa)- ya))/slope, CCβ = ((ya +2.33 STDa + 1.64 STDa)- ya))/slope, where ya is the intercept of calibration curve, and STDa is the standard deviation of the ya.

The specificity study was based on the analysis of 10 serum samples taken from different female calves. Samples were analysed in duplicate, at first fortified only with internal standard, and then fortified both with internal standard and the testosterone to a final concentration equivalent to 0.5 μg L^−1^. Furthermore, the interference study with structurally related steroids including α-testosterone, 19-nortestosterone, boldenone, and methyltestosterone was performed. In addition, the experiment comprising twenty serum samples spiked at the estimated CCα was conducted in order to demonstrate the effectiveness of the method at low levels of testosterone concentration. Given the expected concentration range, further performance of the method at 10 μg L^−1^ and 30 μg L^−1^ was checked, as well. For samples with concentration above 10 μg L^−1^, the volume of the serum sample was reduced from 2 mL to 1 mL.

To evaluate matrix effect occurrence, the difference between the mass spectrometric response for testosterone in the samples spiked after extraction and in solvent at the same concentration was investigated.

Quality assurance {#j_jvetres-2017-0010_s_002_s_009}
-----------------

Each time, at the start of LC-MS/MS analysis, the standard and internal standard were injected to check the operating conditions of LC-MS/MS equipment. For each analytical batch, calibration curve adjusted to a range of concentrations tested was prepared. The concentration of testosterone was calculated from the calibration curve by ''internal standard technique" including the testosterone-d2 as internal standard. In each series of tests, spiked samples were analysed in order to verify the quality of the results. Identification of testosterone was based on the retention time in relation to the internal standard and the ion ratios of the product ions in accordance with Commission Decision 2002/657/ EC ([@j_jvetres-2017-0010_ref_005]).

Results {#j_jvetres-2017-0010_s_003}
=======

The results for the optimisation of sample preparation are presented in [Fig. 1](#j_jvetres-2017-0010_fig_001){ref-type="fig"}. The best recovery and reproducibility were obtained when liquid--liquid extraction with a mixture of petroleum ether and tert-butyl methyl ether was used. For this procedure the recovery was 81% with reproducibility 8%. For other methods used for sample preparation, the recovery of testosterone was lower and was 53% for HybridSPE columns, 57% for SPE columns, and 61% for the QuEChERS technique.

![LC-MS/MS chromatograms of bovine serum samples spiked with testosterone at 0.5 μg L^−1^ using different sample preparation protocols; recovery study](jvetres-61-081-g001){#j_jvetres-2017-0010_fig_001}

###### 

Results of the validation of method for the determination of testosterone in bovine serum samples

  Spiking level (µg L^−1^)                               n                Apparent recovery (%)   Repeatability (R.S.D., %)   Within-lab reproducibility (R.S.D., %)
  ------------------------------------------------------ ---------------- ----------------------- --------------------------- ----------------------------------------
  0.25                                                   18               92.7                    3.0                         6.8
  0.5                                                    18               93.0                    5.7                         15.2
  0.75                                                   18               93.7                    4.2                         17.1
  10                                                     6                82.3                    9.1                         
  30                                                     6                91.5                    4.7                         
  0.05 (CCα)                                             20               116.4                   16.1                        
                                                                                                                              
  Decision limit (CCα, µg L^−1^)                         0.05                                                                 
  Detection capability (CCβ, µg L^−1^)                   0.08                                                                 
  Matrix effect (%)                                      18.5                                                                 
  Measurement uncertainty at 0.5 µg L^−1^ (%) (U, k=2)   30.0                                                                 
                                                                                                                              
  Calibration curve                                                                                                           
  Slope ± s~b~                                           1.9994 ±0.3282                                                       
  y-Intercept ± s~a~                                     0.0017 ±0.168                                                        
  Correlation coefficient                                0.9997                                                               
                                                                                                                              
  Matrix calibration curve Slope ± s~b~                  1.8003 ±0.1232                                                       
  y-Intercept ± s~a~                                     0.2536 ±0.1283                                                       
  Correlation coefficient                                0.9978                                                               

![LC-MS/MS chromatograms of: (a) a blank bovine serum sample - endogenous T \< CCα, (b) a spiked bovine serum sample testosterone at 0.05 µg L^−1^(CCα)](jvetres-61-081-g002){#j_jvetres-2017-0010_fig_002}

A summary of the results of validation for 17β-testosterone is presented in [Table 2](#j_jvetres-2017-0010_tab_002){ref-type="table"}. The developed method is characterised by a good apparent recovery and precision. Recovery corrected using the internal standard exceeds 90%, repeatability expressed as relative standard deviation does not exceed 17%, and within-laboratory reproducibility is 18%, for the entire range of the method. The designated CCα and CCβ for testosterone are much lower than the current value of 0.5 µg L^−1^ of the proposed recommended concentration for female bovine and amounting to 0.05 µg L^−1^ and 0.08 µg L^−1^ respectively. The calculated correlation coefficients for the standard calibration curve and for the matrix-matched calibration curve exceeded 0.99, thus ensuring good linearity of the method in the range of concentrations tested. Examination of matrix interferences using blank matrix samples, samples spiked with testosterone and samples fortified with structurally similar steroids showed no peaks in the area of retention time of analyte; therefore, the method has proved to be specific for testosterone.

The relative intensities of ions determined during the validation and presented in [Table 1](#j_jvetres-2017-0010_tab_001){ref-type="table"} evidence that the presence of testosterone was confirmed in all fortified samples in accordance with the criteria laid down in Council Decision 2002/657 / EC ([@j_jvetres-2017-0010_ref_005]).

Examples of LC-MS/MS chromatograms of blank matrix serum sample and serum sample spiked to a concentration of 0.05 µg L^−1^ are shown in [Figs 2a](#j_jvetres-2017-0010_fig_002){ref-type="fig"} and [2b](#j_jvetres-2017-0010_fig_002){ref-type="fig"}.

Discussion {#j_jvetres-2017-0010_s_004}
==========

The first stage of development of the analytical procedure was to optimise the condition for the detection of testosterone. Acquisition parameters for the mass spectrometer were optimised by a direct continuous pump infusion of working standard solutions of testosterone and testosterone-d2 at a concentration of 5 μg mL^−1^ in the electrospray source. Positive ionisation mode was applied according to previous work done in the laboratory ([@j_jvetres-2017-0010_ref_0031]) and based on the literature ([@j_jvetres-2017-0010_ref_0027]). The collection of data was conducted initially in a full scan to select the abundant precursor ion (M+H)+. Finally, analyses were performed by multiple reactions monitoring mode, which allows obtaining a higher specificity and sensitivity of the detection process. Major ions produced in MS and MS/MS have been identified and selected, then the mass spectrometer parameters were optimised to increase the sensitivity. Precursor--product transitions for testosterone as well as the corresponding collision energies are shown in [Table 1](#j_jvetres-2017-0010_tab_001){ref-type="table"}. For testosterone, two MRM transitions were monitored. The most sensitive ion was used to quantify and the other to confirm it in order to meet the criteria required for the confirmatory methods in accordance with Commission Decision 2002/657/EC ([@j_jvetres-2017-0010_ref_005]). The chromatographic separation of testosterone was carried out on a C18 Inertsil ODS-3 (150 × 2.1 mm, 3 µm) column. To obtain the best results, various compositions of the mobile phase, flow rate of mobile phase, and column temperature were checked. In preliminary chromato-graphic separation of testosterone, a mobile phase of methanol/water (70:30, v/v) and a flow rate of 0.300 mL min-1 were tested. After using a mobile phase consisting of acetonitrile/methanol/water (20:55:25, v/v) at 35ºC and with the same flow rate, the time of analysis was reduced from 7 min to less than 4 min.

In residue studies, in addition to the appropriate techniques of detection, no less important is the proper preparation of the sample. It is essential to use repeatable sample preparation procedures in order to minimise the differences between the samples in the course of analysis. Quantitative determination of the steroids may be hindered due to the simultaneous extraction of other endogenous matrix components that are typically present in much higher concentrations in the matrix than the analytes of interest. In the current research, four protocols for the preparation of bovine serum were evaluated for their suitability for the determination of testosterone by LC-MS/MS: solid phase extraction (SPE) using two types of columns, QuEChERS technique, and liquid--liquid extraction. Reversed-phase SPE devices are the most popular devices for the separation of analytes from biological matrices, due to the significant reduction in the consumption of organic solvents, concentration of the extract, improvement of repeatability, reduction in analysis time, simplicity, and safety. The application of solid phase extraction with C18 columns for isolation of testosterone from bovine serum samples with standard approach to this type of SPE sorbent allowed obtaining recovery of 57% with a CV equal to 21%.

A method alternative to the traditional SPE is HybridSPE-Phospholipid Technology, intended for treatment of either serum or plasma samples prior to LC-MS/MS analysis, and allowing the simultaneous removal of proteins and phospholipids from the samples. Recovery and precision of the extraction of testosterone from bovine serum after applying HybdridSPE columns were similar to those obtained using C18 columns and amounted to 53% and 20%, respectively. Taking into account the current trends in the preparation of biological samples, the QuEChERS technique was also tested. In this case testosterone was extracted from serum with acetonitrile and following the addition of the salts, analytes and matrix components were divided into aqueous and organic phases. For that method of sample preparation the recovery of testosterone was over 60% and the CV was slightly lower than 20%.

Finally, a mixture of petroleum ether and tert-butyl methyl ether (30:70, v/v) was applied, because it was expected that the selected non-polar solvent should be effective for the isolation of moderately polar compounds of such steroids from aqueous samples. Recovery of testosterone exceeded 80% with a relative standard deviation of 8%. On the basis of the recovery and precision obtained it was found that the application of LLE is sufficient for the proper detection of testosterone in a sample. The extract obtained was pure and most of the compounds, including phospholipids that cause ion suppression/interference, were removed. The extraction process is relatively fast and the solvents used are inexpensive, making it an attractive option for high-throughput analysis. Thus, in this case the gold-standard tool such as LLE was more effective for purification of biological samples than other novelties. During the study of steroids in samples of animal origin, several different purification steps must often be used to achieve the desired degree of cleanup. The most popular methods for the separation of natural hormones involve several steps, such as a liquid -- liquid extraction, further purification on a SPE column ([@j_jvetres-2017-0010_ref_009], [@j_jvetres-2017-0010_ref_0010]), immunoaffinity columns ([@j_jvetres-2017-0010_ref_0028]), or combinations thereof. However, it is known that each additional extraction step which is being used causes loss of precision and recovery of the method. Because the losses in precision are additive, the final relative standard deviation of the process may be substantial ([@j_jvetres-2017-0010_ref_0010]). Thus, finally a simple LLE procedure has been selected for preparation of serum samples prior to LC-MS/MS analysis. A small number of stages of the procedure eliminates the problems associated with the recovery and shortens the sample preparation time. In addition, an internal standard used in this method reduced all the variation and losses during sample preparation before instrumental analysis. Moreover, the application of the stable isotope-labelled internal standard is one way to compensate the matrix effect ([@j_jvetres-2017-0010_ref_0014]). Matrix effect (ME), such as enhancement or suppression of analytical signal frequently occurs in the chemical analysis of biological samples measured by LC-MS/MS ([@j_jvetres-2017-0010_ref_002]). This is related to the alteration in ionisation efficiency in the ionisation source due to the presence of co-eluting, in particular endogenous substances present in the sample and remaining in the final extract. Type of ionisation source strongly influences the ME phenomenon. Atmospheric pressure chemical ionisation (APCI) is considered to be less matrix-dependent than electrospray ionisation (ESI). The consequence of this phenomenon is first of all a reduction in the signal increase of the analyte and adverse effect on linearity, repeatability, accuracy of the method, and ion ratio. Different assessment methods of the ME have been presented in the scientific literature such as the post-column infusion ([@j_jvetres-2017-0010_ref_002]), comparison of the calibration curves ([@j_jvetres-2017-0010_ref_0018]) and the post-extraction spiking method ([@j_jvetres-2017-0010_ref_0017]). In our study we used the last-mentioned method. Noticeable signal suppression observed for testosterone in serum samples was 40.2%. Deuterated internal standard did compensate for the observed ion suppression and relative matrix effect was 18.5%. According to the criteria used by some authors, the range between −20% and 20% is considered as no matrix effect, because this variation is similar to repeatability ([@j_jvetres-2017-0010_ref_0011]).

Although the LC-MS/MS is characterised by a high selectivity compared to other mass spectrometry techniques, the specificity of the method was demonstrated by analysis of the different blank bovine serum samples and, in parallel, the same samples fortified with testosterone at 0.5 µg L^−1^. No interference for each transition around the retention time of testosterone was observed. Because testosterone is an endogenous hormone, it is present in each sample, and thus the chromatogram shows small peak derived from testosterone, but a corresponding concentration is much lower than the decision limit of the method. Specificity studies with structurally similar steroids showed no interfering peaks in terms of the retention time of testosterone, therefore the method has proved to be specific for this androgenic compound.

The linearity of the chromatographic response of testosterone was checked throughout the range of tested concentrations. Calibration curve for the detection of target compound was obtained by performing a linear regression analysis of the standard solution by using the ratio of standard area to internal standard area against analyte concentrations. Good linearity was achieved for testosterone as indicated by the values of the correlation coefficients (r^2^) exceeding 0.99.

Since the certified reference materials are not available, trueness has been assessed as the recovery calculated on the basis of fortified serum samples. The average recovery is very satisfactory, ranging from 82.3% to 116.4% at every level of fortification. Precision of the method is also valid as evidenced by within-laboratory reproducibility that does not exceed 18%. These parameters were found to be satisfactory, in terms of accounting requirements of Commission Decision 2002/657/EC ([@j_jvetres-2017-0010_ref_005]).

The determined values of CCα and CCβ were significantly lower than currently recommended concentration for testosterone, established at 0.5 μg L^−1^ ([@j_jvetres-2017-0010_ref_008]). To test the effectiveness of the method in the range of the lowest concentration, the analysis of 20 serum samples fortified at CCα was performed. The presence of testosterone was revealed in all samples, as shown in [Table 2](#j_jvetres-2017-0010_tab_002){ref-type="table"}; moreover, good precision and recoveries at this level of concentration were achieved. The CCα values obtained provide reliable determination at a level much below the actual recommended concentration for testosterone. Compared with the results presented by other authors using LC-MS/MS, the detection limits obtained are approximately the same ([@j_jvetres-2017-0010_ref_0019], [@j_jvetres-2017-0010_ref_0029]). The lower limit of detection of testosterone in human serum (0.005 μg L^−1^) was reported by Yamashita *et al*. ([@j_jvetres-2017-0010_ref_0032]) after application of picolinic acid for derivatisation of testosterone before the LC-MS/MS analysis. Highly sensitive approach based on GC-MS/MS technique and specific derivatisation with (pentafluorobenzyl)-hydroxylamine HCl and MSTFA was developed by Thakur *et al*. ([@j_jvetres-2017-0010_ref_0025]), allowing to achieve the limit of quantification of testosterone equal to 0.00025 μg L^−1^ in human serum.

Because the method is designed for the purpose of confirmation, the criteria specified in the Commission Decision 2002/657/EC for quantitative confirmatory methods were checked during validation. The method fulfils the criteria set out in Commission Decision 2002/657/EC for the purpose of confirmation in terms of retention time and ion ratio in the whole range of its application ([@j_jvetres-2017-0010_ref_005]). On the basis of the results obtained in validation studies, uncertainty of measurement was estimated for testosterone at the level of 0.5 µg L^−1^. When estimating the uncertainty, reproducibility and repeatability resulting from the matrix effect were primarily taken into account. The combined uncertainty was multiplied by a coverage factor of 2 to estimate expanded uncertainty which was 30%. A slightly lower value for testosterone uncertainty determined in human serum by LC-MS / MS has been reported by Turpeinen *et al*. ([@j_jvetres-2017-0010_ref_0026]), but other authors have presented similar or higher values for hormones in biological matrices ([@j_jvetres-2017-0010_ref_0031]).

The LC--MS/MS method developed for the detection and confirmation of 17β-testosterone in bovine serum is highly sensitive and capable of quantitative determination of low circulating levels of this endogenous androgen. Due to the simple procedure of sample preparation, short LC-MSMS running time, high specificity and sensitivity, this method is suitable for use in routine control programme for the detection of testosterone in bovine serum from both sexes and research on the occurrence of endogenous testosterone.
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